Geyer RR, Musa-Aziz R, Qin X, Boron WF. Relative CO2/NH3 selectivities of mammalian aquaporins 0 -9. Am J Physiol Cell Physiol 304: C985-C994, 2013. First published March 13, 2013; doi:10.1152/ajpcell.00033.2013.-Previous work showed that aquaporin 1 (AQP1), AQP4-M23, and AQP5 each has a characteristic CO2/NH3 and CO2/H2O permeability ratio. The goal of the present study is to characterize AQPs 0 -9, which traffic to the plasma membrane when heterologously expressed in Xenopus oocytes. We use video microscopy to compute osmotic water permeability (Pf) and microelectrodes to record transient changes in surface pH (⌬pHS) caused by CO2 or NH3 influx. Subtracting respective values for day-matched, H2O-injected control oocytes yields the channel-specific values Pf* and ⌬pHS*. We find that Pf* is significantly Ͼ0 for all AQPs tested except AQP6. (⌬pHS*)CO 2 is significantly Ͼ0 for AQP0, AQP1, AQP4-M23, AQP5, AQP6, and AQP9. (⌬pHS*)NH 3 is Ͼ0 for AQP1, AQP3, AQP6, AQP7, AQP8, and AQP9. The ratio (⌬pHS*)CO 2 /Pf* falls in the sequence AQP6 (ϱ)
THE FIRST GAS CHANNEL IDENTIFIED was the water channel aquaporin 1 (AQP1). The pioneering work of Agre and colleagues (51, 52, 74) showed that heterologously expressing AQP1 in Xenopus oocytes markedly increases osmotic water permeability (P f ). In later experiments in which they exposed oocytes to CO 2 , Nakhoul et al. (45) and Cooper and Boron (9) found that the expression of AQP1 also increases the rate at which intracellular pH (pH i ) declines due to the intracellular reactions: CO 2 ϩ H 2 O ¡ H 2 CO 3 ¡ HCO 3 Ϫ ϩ H ϩ . One stoppedflow study of AQP1 reconstituted into artificial lipid vesicles showed that AQP1 enhances CO 2 permeability (50), whereas another reached the opposite conclusion (71) . However, Itel et al. (29) using an 18 O-exchange technique, recently showed that reconstituted AQP1 markedly increases CO 2 permeability. Moreover, several studies have shown that plant AQPs also function as CO 2 channels (31, 32, 66, 67) . Additional work has shown that AQP1 also conducts NH 3 (24, 42, 46) and nitric oxide (21) .
As an extension to the aforementioned pH i methodology for assessing the relative permeabilities of a cell membrane to dissolved gases, our laboratory exploited a principle revealed by earlier work in which investigators had monitored surface pH (pH S ) or tissue extracellular pH (pH o ) while exposing cells to CO 2 /HCO 3 Ϫ (11, 57) or NH 3 /NH 4 ϩ (8). The novelty of our approach was to push a relatively large pH-sensitive microelectrode up against the surface of an oocyte and to use transient changes in pH S to assess the membrane permeability of gases that alter pH (i.e., CO 2 and NH 3 ). For example, as CO 2 diffuses into the cell, the CO 2 influx creates at the outer surface of the cell a CO 2 deficit that is in part replenished by the reaction HCO 3 Ϫ ϩ H ϩ ¡ H 2 O ϩ CO 2 . Thus pH S transiently rises during CO 2 influx. The magnitude of this pH S increase is approximately proportional to the negative derivative of the pH i trajectory, and the peak change in pH S (⌬pH S ) is an index of the maximal CO 2 influx. Thus, all things being equal, ⌬pH S is larger in an oocyte expressing a gas channel than a control oocyte injected with H 2 O. A mathematical model of CO 2 fluxes across the membrane of a spherical cell confirms these principles (61) .
Conversely, exposing an oocyte to a solution containing NH 3 /NH 4 ϩ generates a transient fall in pH S as the weak base NH 3 enters the cell. All things being equal, the magnitude of the NH 3 -induced pH S is a semiquantitative index of NH 3 permeability.
Using the pH S method as well as video microscopy to assess P f , Musa-Aziz et al. (42) showed that human AQP1 (hAQP1), the M22 variant of rat AQP4 (rAQP4-M23), and rat AQP5 (rAQP5) each has a characteristic ratio of (⌬pH S ) CO 2 to (Ϫ⌬pH S ) NH 3 to P f . In other words, each protein has a characteristic selectivity for CO 2 vs. NH 3 vs. H 2 O, demonstrating that channels can exhibit gas selectivity.
In addition to AQPs 1, 4, and 5, ten other mammalian aquaporins have been identified and characterized. On the basis of deduced amino acid sequence-and, for the most part, function as well-they can be divided into three categories: 1) the orthodox AQPs (AQP0, 1, 2, 4, 5, and 6), which conduct H 2 O but not significant amount of urea or glycerol; 2) the aquaglyceroporins (AQP3, 7, 9, and 10), which in addition to conducting water also conduct urea and glycerol; and 3) the unorthodox AQPs (AQP8, 11, and 12). Because no information is available on the gas permeability of AQPs other than AQP1, AQP4-M23, and AQP5, our goal in the present study was to extend the observations of Musa-Aziz et al. (42) to include all mammalian AQPs (human, bovine, or rat). Because we found that AQP10, 11, and 12 did not express adequately in the plasma membrane of Xenopus oocytes, we limited ourselves to AQPs 0 -9. To facilitate comparisons among AQPs, the data set in the present study includes new data for the three AQPs that we studied previously.
We found that each AQP has a characteristic selectivity for CO 2 vs. NH 3 vs. H 2 O. Two AQPs are permeable to all three molecules (AQP1 and 9). We confirm that one AQP (AQP6) lacks water permeability. Three lack only CO 2 permeability (AQP3, 7, and 8), three lack only NH 3 permeability (AQP0, AQP4-M23, and AQP5), and two lack both CO 2 and NH 3 permeability (AQP2 and AQP4-M1). One striking result is that the M23 but not the M1 variant of AQP4 exhibits CO 2 permeability. Another is that gas and water permeability do not appear to be related, one explanation for which is that the gases and water, to some extent, take different pathways through AQPs.
MATERIALS AND METHODS

Expression in Xenopus Oocytes
cRNA synthesis. Full-length clones for bovine AQP0 (bAQP0; a generous gift of Peter Agre), human AQP1 (hAQP1; a generous gift of Peter Agre), human AQP2 (hAQP2; a generous gift of Peter Deen), rat AQP3 (rAQP3; a generous gift of Lawrence Palmer), rat AQP4-M1 (rAQP4-M1; a generous gift of Peter Agre), rat AQP4-M23 (rAQP4-M23; a generous gift of Peter Agre), rat AQP5 (rAQP5; a generous gift of Peter Agre), rat AQP6 (rAQP6; a generous gift of Peter Agre), rat AQP6 N60G (rAQP6N60G; a generous gift of Peter Agre), human AQP7 (hAQP7; a generous gift of Zijuan Liu), human AQP8 [hAQP8; purchased from Open Biosystems Thermo Scientific (product no. IHS1380-97652533); Pittsburgh, PA], or rat AQP9 (rAQP9; a generous gift of Zijuan Liu) were expressed in Escherichia coli and purified, and DNA sequences were confirmed. A list of expression vectors is shown in Table 1 . Restriction digestion was used to linearize cDNA (Table 1) . Linearized DNA was purified using the QIAquick PCR purification kit (Qiagen, Valencia, CA). Transcribed capped cRNA was synthesized using either T3 or T7 mMessage mMachine kit (Ambion, Austin, TX) and subsequently purified by cRNA purification and concentration using the RNeasy MinElute RNA Cleanup kit (Qiagen).
Isolation of Xenopus oocytes. Ovaries were either obtained from NASCO (Fort Atkinson, WI) or surgically removed from anesthetized Xenopus laevis frogs. Oocytes were separated using a collagenase treatment (55, 64) and sorted based on size and appearance. Representative stage V-VI oocytes were selected and then stored until use at 18°C in OR3 medium-supplemented with penicillin (300 U/ml) and streptomycin (300 g/ml). The protocols for housing and handling of Xenopus laevis were approved by the Institutional Animal Care and Use Committee of Case Western Reserve University.
Microinjection of cRNAs. One day after isolation, we injected control ("H 2O") oocytes with 25 nl of sterile water (Ambion) or other oocytes with 25 ng of cRNA (given as 25 n of a 1 ng/n cRNA solution) for the AQPs in Table 1 . Following injection, the oocytes were stored, at 18°C in OR3 medium supplemented with 500 U of penicillin and 500 U of streptomycin, and were used in experiments 3-4 days after injection.
Solutions. The ND96 solution contained the following (in mM): 96 NaCl, 2 KCl, 1 MgCl 2, 1.8 CaCl2, and 5 HEPES (titrated to pH 7.50 with NaOH and osmolality of ϳ196 mosmol/kgH2O). We adjusted osmolality to 195 mosmol/kgH2O by adding mannitol or Milli-Q water (Millipore, Bedford, MA). In the case of Pf assays, we swelled oocytes in a hypotonic variant of ND96 (100 mosmol/kgH2O) that contained only 43 mM NaCl (pH 7.50). For the CO2/HCO 3 Ϫ solution, 33 mM NaCl in ND96 were replaced with 33 mM NaHCO3, and the solution was bubbled with 5% CO2/balanced O2 (pH 7.50 and osmolality of 196 mosmol/kgH2O). Similarly the NH3/NH 4 ϩ solution was made by replacing 0.5 mM NaCl in ND96 with 0.5 mM NH4Cl (pH 7.50 and osmolality of 196 mosmol/kgH2O).
Physiological Measurements
Measurement of osmotic water permeability of oocytes. We determined P f using a volumetric assay (6, 52, 68) . Briefly, groups of up to 12 oocytes were placed into a Petri dish that contained the 100 mosmol/kgH2O ND96 solution, and video images were acquired every 1-2 s. From the time course of the projection area of the oocyte (42), we computed Pf (52) . To account for the invaginations of oocyte, we assumed the oocyte to be a sphere with a surface area (S) eightfold greater than that of the idealized sphere (6) .
Measurement of pH S. The oocytes were placed in a plastic perfusion chamber with a channel 3-mm wide ϫ 30-mm long ϫ 3-mm high. To monitor pHS, the tips (diameter ϭ 15 m) of microelectrodes were filled with H ϩ ionophore mixture B (catalog no. 95293; Fluka Chemical, Ronkonkoma, NY), and the electrodes were connected to a model FD223 electrometer (World Precision Instruments, Sarasota, FL) (16, 42, 43) . The extracellular reference electrode was a glass micropipette filled with 3 M KCl, connected to a model 750 electrometer (World Precision Instruments), via a calomel half-cell. The outputs of the electrometers were connected to electronic subtraction circuitry (Department of Cellular and Molecular Physiology, Yale University), the outputs of which were connected to the inputs of analog-digital converters (sampled once per 500 ms) inside a Windows-based computer. Extracellular solutions flowed at 3 ml/min. A MPC-200 micromanipulator (Sutter Instrument, Novato, CA) was used to position the pH S electrode tip either in the bulk extracellular fluid or against the oocyte surface, forming a ϳ40-m dimple. Membrane potential (Vm) was monitored using microelectrodes filled with 3 M KCl; all oocytes used in this study had initial Vm values at least as negative as Ϫ40 mV. We calibrated the pHS electrode with its tip in the bulk phase of the ND96 solution (pH 7.50) and then moved the electrode tip to the cell surface before applying a solution containing CO 2/HCO3 Ϫ or NH3/NH 4 ϩ . We calibrated a second time by withdrawing the electrode tip from the membrane into the bulk solution containing CO 2/HCO3 Ϫ or NH3/NH 4 ϩ . The maximum change in surface pH (⌬pHS) during the CO2 or NH3 exposure is equal to the maximum pHS after addition of CO2 (or the minimum pHS after addition of NH3) minus the pHS in ND96 before the solution change.
Statistics. Data are presented as means Ϯ SE. In comparing the difference between 2 means, we performed Student's t-tests (two tails). When comparing more than 2 means, we performed a one-way ANOVA. P Ͻ 0.05 was considered significant.
Surface Expression Measurements
Biotinylation. For surface protein biotinylation, we used the EZLink Sulfo-NHS-Biotinylation kit (part no. 21425; Thermo Fisher Scientific, Rockford, IL) according to the manufacturer's recommendations with some modification. To avoid subjecting oocytes to a hypoosmotic condition, the phosphate-buffered saline (PBS; part no. 28372; Thermo Fisher Scientific) and Tris-buffered saline (TBS; part no. 28376; Thermo Fisher Scientific) were diluted by one-third to reduce the osmolality of the solutions to match that of our other oocyte solutions. Briefly, groups of ϳ30 oocytes-expressing rAQP4-M1, rAQP4-M23, rAQP6, or rAQP6 N60G or injected with H2O-were incubated in 5 ml of PBS plus 0.24 mg/ml EZ-Link-Sulfo-NHS-Biotin for 1 h. After the reactions were stopped with the addition of 250 l of the supplied quenching solution, the oocytes were washed in 0.67ϫ TBS for 5 min. The cells were lysed by addition of 300 l of lysis buffer (0.67ϫ TBS, 1% TX-100, and cOmplete Mini EDTA-free protease inhibitor tablet; part no. 04693124001; Roche, Indianapolis, IN) to the oocytes, and the cells were manually lysed by pipetting the cells up and down 30 times, using a P200 tip. The lysate was clarified by centrifugation at 3,000 g for 10 min. A small aliquot of the supernatant was removed (30 -50 l) and mixed in a 1:1 ratio with 2ϫ sample buffer; this sample represents the total solubilized expression fraction. The remainder of the supernatant was mixed with 200 l of the NeutrAvidin Gel (part no. 29201; Thermo Fisher Scientific) and transferred to a Spin X column (part no. 8163; Corning, Pittston, PA). The samples were continuously mixed on a rocker platform ϫ 1 h at room temperature. The spin columns were washed three times with lysis buffer (see above), to remove unbound contaminants, and then the biotinylated membrane proteins were eluted by applying 300 l of 2ϫ sample buffer with 50 mM DTT. This mixture was incubated on a rocker platform for 1 h at room temperature, and the biotinylated proteins were eluted by centrifugation at 1,000 g for 2 min. This final elution step represents the surface fraction. Western blot analysis. Total and surface biotinylation samples (see above) from oocytes expressing rAQP4-M1, rAQP4-M23, rAQP6, or rAQP6 N60G or injected with H2O were separated by SDS-PAGE on 12% Tris-glycine gels (part no. EC60052BOX; Invitrogen, Grand Island, NY). The samples were transferred to PVDF membranes and probed with polyclonal antibodies raised against rat aquaporin 4 (catalog no. AQP41-A; Alpha Diagnostics, San Antonio, TX) and human aquaporin 6 (catalog no. AQP61-A; Alpha Diagnostics) and detected using ECL plus Western Blotting Detection Reagents (GE Healthcare Biosciences, Pittsburgh, PA). The AQP4 epitope is 17 amino acids at the COOH terminus of rat AQP4; thus the antibody is capable of detecting both variants of AQP4.
RESULTS
Osmotic Water Permeability
While decreasing the extracellular osmolality, we used video microscopy to monitor the rate of oocyte swelling, from which we computed P f . Figure 1A shows raw P f data of day-matched H 2 O-injected control oocytes as well as AQP-expressing oocytes. All AQP-expressing oocytes display significant water permeability, with the exception of wild-type rAQP6. As shown previously by Liu et al. (35) , replacing asparagine-60 with glycine (N60G), increases the P f of rAQP6-expressing oocytes. By subtracting mean P f values of day-matched controls from the P f values of individual AQP-expressing oocytes, we obtain channel-dependent P f values (P f *), which reflect "functional expression"-the product of surface-membrane abundance and intrinsic (or per-molecule) activity. Our analysis reveals the following sequence of functional activities (
Note that we do not know-nor would it be straightforward to determine, studying untagged proteinsthe number of different AQP molecules in the plasma membrane.
CO 2 and NH 3 Permeability
To assess the gas selectivity (CO 2 vs. NH 3 ) of the various AQPs, we used a microelectrode positioned at the surface of the oocytes to monitor pH S changes as we sequentially exposed an oocyte to a solution containing 5% CO 2 /33 mM HCO 3 Ϫ , removed the CO 2 /HCO 3 Ϫ (not shown), and then exposed the oocyte to 0.5 mM NH 3 /NH 4 ϩ . Figure 2 shows representative traces. An alkalinization (rise in pH S ) is indicative of CO 2 influx (16, 41, 42, 44) . Conversely, an acidification (decrease in pH S ) indicates an influx of NH 3 . The maximum height (or depth) of the pH S spike (⌬pH S ) is a semiquantitative index of the influx of CO 2 (or NH 3 ). Note that we cannot yet convert the absolute value of ⌬pH S , ⌬pH S , into a CO 2 or NH 3 permeability and that the relationship between ⌬pH S and permeability is likely to be different for CO 2 and NH 3 .
Each bar in Fig. 3 summarizes the ⌬pH S data for a larger series of experiments that corresponds to one tracing in Fig. 2 . Bar magnitude is a semiquantitative index of maximal gas influx or permeability. Compared with day-matched controls, oocytes expressing bAQP0, hAQP1, rAQP4-M23, rAQP5, rAQP6, rAQP6 N60G , or rAQP9 have a significantly increased permeability to CO 2 . Oocytes expressing hAQP1, rAQP3, rAQP6, rAQP6 N60G , hAQP7, hAQP8, and rAQP9 have a significantly increased permeability to NH 3 . Note that oocytes expressing hAQP2 and rAQP4-M1 do not exhibit significant increases in permeability to either CO 2 or NH 3 . With the exception of these two AQPs, the remainder conduct at least one gas (CO 2 or NH 3 ), and four AQPs-hAQP1, rAQP6, rAQP6 N60G , and rAQP9 -conduct both.
(10) Figure 4 summarizes these mean channel-dependent ⌬pH S values, each of which is a semiquantitative index of the functional expression of a gas-permeability phenotype. The AQP-dependent functional expression of the CO 2 -induced ⌬pH S falls in the order rAQP6 N60G Х rAQP5 Ͼ rAQP6 Х hAQP1 Ͼ rAQP9 Х rAQP4-M23 Ͼ bAQP0. For the remaining aquaporins (AQP2, 3, 4-M1, 7, and 8), the (⌬pH S *) CO 2 is not significantly different from zero. For the NH 3 -induced ⌬pH S , the comparable sequence is rAQP9 Х hAQP8 Ͼ rAQP3 Х rAQP6 N60G Ͼ hAQP1 Х hAQP7 Х rAQP6. For the remaining aquaporins (AQP0, 2, 4-M1, 4-M23, and 5), the (⌬pH S *) NH 3 is not significantly different from zero.
The data contributing to Figs. 1B and 4 allow us to compute the relative selectivity of each AQP for H 2 O vs. CO 2 vs. NH 3 . If, oocyte by oocyte, we divide (⌬pH S *) CO 2 by the corresponding P f * values, the result is a semiquantitative index of the CO 2 /water permeability ratio (Fig. 5, black bars) . Similarly, dividing individual (⌬pH S *) NH 3 values by corresponding P f * values yields a semiquantitative index of the NH 3 /water permeability ratio (Fig. 5, gray bars) . After single-channel water permeabilities are known for each AQP, our (⌬pH S *) NH 3 /P f * normalization will allow one to compute (⌬pH S *) NH 3 , normalized to the number of channels. Finally, if, oocyte by oocyte, we divide (⌬pH S *) CO 2 by the corresponding (⌬pH S *) NH 3 , the result is a semiquantitative index of the CO 2 /NH 3 (Fig. 6, black  bars) . Conversely, dividing (⌬pH S *) NH 3 by (⌬pH S *) CO 
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(13) Fig. 4 . Summary of channel-dependent ⌬pHS values of oocytes expressing AQPs 0 -9 and exposed to 5% CO2/33 mM HCO 3 Ϫ or 0.5 mM NH3/NH 4 ϩ . We subtracted the mean, day-matched (⌬pHS)CO 2 for H2O-injected oocytes from the (⌬pHS)CO 2 of each AQP-expressing oocyte to produce the channeldependent (⌬pHS) CO 2 or (⌬pHS*)CO 2 . Similarly, we subtracted the mean, day-matched (⌬pHS)NH 3 for H2O-injected oocytes from the (⌬pHS)NH 3 of each AQP-expressing oocyte to produce the channel-dependent (⌬pHS)NH 3 or (⌬pHS*)NH 3 . Mean channel-dependent ⌬pHS for each AQP represents an index of CO2 or NH3 permeability. Each bar represents the mean of the difference Ϯ SE and is a semiquantitative index of CO2 or NH3 permeability. Numbers in parentheses indicate the number of oocytes. Dagger indicates mean ⌬pHS* is not statistically different from zero. an index of the NH 3 /CO 2 permeability ratio. An infinity symbol above a bar in Figs. 5 and 6 indicates that the indicated channel has a significant permeability to the substance in the numerator but not to the substance in the denominator. The double daggers associated with AQP2 and AQP3 in Fig. 6 indicate indeterminate values because neither channel has a significant permeability to either CO 2 or NH 3 . Our analysis indicates that each channel has a characteristic selectivity for H 2 O vs. CO 2 vs. NH 3 and that, within this group of 12 channels, we observe a wide range of selectivity combinations.
Surface Expression
It is not practical to use biotinylation to compare the surface expression of different AQPs, owing to differences in the efficiency of biotinylation, the capture of the biotinylated proteins, and the detection by channel-specific antibodies. Indeed, we typically can confirm the surface expression of AQPs simply by measuring the P f . However, due to differences in gas permeability between rAQP4-M1 and rAQP4-M23 (Fig.  4 ) and the differences in P f rAQP6 and rAQP6 N60G (Fig. 1B) , we judged it expedient to determine surface expression for these two channel pairs.
In the case of rAQP4, the addition of the first 22 amino acids (rAQP4-M1) causes no apparent change in P f * but eliminates the conductance of CO 2 . One explanation is that rAQP4-M1, compared with rAQP4-M23, could have a very high H 2 O/CO 2 permeability ratio but a surface abundance too low to detect the CO 2 permeability. However, Fig. 7A shows that rAQP4-M1 and rAQP4-M23 have a similar total abundance and are present at similar levels at the plasma membrane. Thus that the observed difference in (⌬pH S *) CO 2 values is not related to surface abundance.
In the case of rAQP6, the inherently low and often undetectable P f * of the wild-type channel makes it difficult to know whether the N60G mutation affects surface abundance and thus whether the (⌬pH S *) CO 2 and (⌬pH S *) NH 3 values we observed reflect changes in intrinsic CO 2 or NH 3 permeabilities. However, Fig. 7B demonstrates that rAQP6 and rAQP6 N60G have a similar total abundance and are expressed at the oocyte surface at comparable levels.
DISCUSSION
⌬pH S Values
Note that neither the ⌬pH S elicited by CO 2 application nor the ⌬pH S (a negative number) elicited by NH 3 application is necessarily proportional to the flux of the neutral weak acid or base. Moreover, even if the ⌬pH S elicited by CO 2 application were proportional to the CO 2 influx and the ⌬pH S elicited by NH 3 application were proportional to the NH 3 influxes, the two proportionality constants need not be the same for CO 2 and NH 3 . For this reason, in previous publications our group has referred to these ⌬pH S values as indexes (7, 61) isons of the ⌬pH S for CO 2 and the ⌬pH S for NH 3 -in the same cell type and using consistent concentrations of the two dissolved gases-ought to provide a useful measure of the true CO 2 /NH 3 permeability ratio. Further modeling, along the lines of that already done for CO 2 (61), could allow one to extract absolute CO 2 and NH 3 permeabilities from the ⌬pH S data.
Mechanism of Water and Gas Transport, and Basis of Selectivity
The present study extends the concept of the gas selectivity of channels-first demonstrated by Musa-Aziz et al. (42) -to the whole range of mammalian AQP paralogs that express at the plasma membrane of Xenopus oocytes. Presumably, this selectivity depends not only on the dimensions of the transported substance and pore but also on the chemistry of the transported substance and the chemistry of the pore (4).
All AQPs exhibit a high degree of identity and similarity at the amino acid level. The structures of mammalian AQP0 (20) , AQP1 (69), AQP4 (23) , and AQP5 (25) have all been resolved. The monomers of these AQPs all have the same overall structural fold, each having one hydrophilic aquapore. Moreover, all four form homotetramers around a central pore at the fourfold axis of symmetry. A combination of crystal structure and molecular-dynamics (MD) simulations leads to the conclusion that H 2 O transport by aquaporins is a coordinated process involving multiple sites of interaction between H 2 O molecules and the amino acid side chains that line the aquapore (63) . The water molecules are arranged in a single file, which contributes to the selectivity of the aquapore. A key feature of AQPs, the ability to conduct water while at the same time excluding protons, is achieved by the opposite orientations of H 2 O molecules on either side of the NPA region.
Two independent MD simulations of AQP1 indicate that CO 2 movement is feasible through the aquapores (27, 70) , and one of the simulations concludes that the hydrophobic central pore ought to be as effective as the sum of the four aquapores (70) .
Because O 2 is more hydrophobic than CO 2 , O 2 would be far less likely than CO 2 to move through the aquapores but more likely to move through the central pore as well as the side pores between adjacent monomers as well as the protein-lipid interface (70) . Also, a recent MD study (70) has suggested that O 2 can permeate the central pore of AQP5.
Due to several similarities-including dipole moment, tetrahedral electronic structure, and hydrophilicity-between H 2 O and NH 3 , one might anticipate that when NH 3 does move through an AQP, it does so mainly if not exclusively through the hydrophilic aquapores. In contrast, CO 2 has a quadrupole moment and is more hydrophobic than either H 2 O or NH 3 , consistent with the MD simulations showing CO 2 movement through both aquapores and the central pore in the case of AQP1 (70) .
The basis of the AQP selectivity for CO 2 vs. NH 3 vs. H 2 O is probably a combination of 1) the dimensions of the pores and the transiting molecules, and 2) the chemistries of the pores and the transiting molecules. An examination of AQP structural data and sequence alignments reveals a subtle difference in both the aquapores (predominantly hydrophilic) and central pores (predominantly hydrophobic), differences that probably play a major role in establishing the selectivity profiles that we identify in the present study. As more AQPs are crystallized and pathway permeation and energetics are modeled, and as investigators perform structure-function analyses, it ought to become possible to attain insight into gas selectivity on an atomic scale.
Functional Analysis of AQP0 -9
We observed five of the seven possible combinations of permeability (or lack thereof) to H 2 O, CO 2 , and NH 3 ( Table 2 ). All 12 AQPs that we evaluated are permeable to at least one of the three substances we studied, and three AQPs-hAQP1, rAQP6 N60G , and rAQP9 -are permeable to all three. Wild-type rAQP6 is permeable to both gases but not H 2 O; none of the 12 AQP constructs are permeable to exactly one gas (but not the other gas or H 2 O). Only two AQPs-hAQP2 and rAQP4-M1 (see discussion below)-display a significant P f and yet are unable to transport at least one gas. Three AQPs-bAQP0, rAQP4, and rAQP5-carry CO 2 and H 2 O but not NH 3 . Con- 2) and AQP4-M1 (lanes 5 and 6) are expressed in similar amounts at the plasma membrane surface. B: AQP6. Wild-type AQP6 and AQP6N60G behave much like AQP4-M1 and AQP4-M23. Thus, for both the AQP4 and AQP6 constructs, any changes in functional expression can be attributed to the intrinsic properties of the protein itself and not to differences in expression at the cell surface.
versely, three AQPs-rAQP3, hAQP7, and hAQP8 -carry NH 3 and H 2 O but not CO 2 .
AQP0. This AQP is a key protein in the lens fibers of the eye and has a crystal structure that in many ways resembles that of AQP1. However, the work of others (6), confirmed here, reveals that the P f of bAQP0 is small compared with that of AQP1 (Fig. 1, A and B) . One structural difference is that AQP0 has a more constricted aquapore than AQP1 (19) . The ar/R regions of the aquapores of AQP0 and AQP1 are similar in amino acid composition, and both constrict to ϳ2 Å. However, in AQP0, the constriction in the extracellular half of the aquapore is ϳ8 Å longer than in AQP1. Moreover, AQP0 has a second constriction site, ϳ2 Å in diameter, formed by Tyr149, Phe75, and His66 in the intracellular half of the aquapore (19) . A combination of a longer constriction in the ar/R region and a second constriction may account not only for the reduced H 2 O permeability but also the absent NH 3 permeability of bAQP0. It is possible that CO 2 takes a pathway other than the aquapore. In lens fibers, new cells form over (i.e., superficial to) existing cells. However, at a depth of ϳ100 cells the monkey lens, fiber cells begin to lose the nuclei and other cellular components (3) . As to the role of the CO 2 permeability in lens fibers, it is possible that AQP0 provides an exit pathway for CO 2 to support respiration in the more superficial lens-fiber cells.
AQP1. The first gas channel discovered was AQP1. It is the most widely distributed AQP in the body, and it is the third most abundant polytopic membrane protein in red blood cells (RBCs), where AQP1 is responsible for the Colton blood group (60) . Studies using human blood samples null for specific membrane proteins and the anion inhibitor DIDS showed that AQP1 and RhAG could account for ϳ90% of the CO 2 permeability in RBCs (14 -16) . As a CO 2 channel, AQP1 likely plays a central role in CO 2 carriage from systemic tissues to the lung. Nakhoul et al. (46) were the first to demonstrate that AQP1 can enhance the NH 3 permeability in oocytes. Ripoche et al. (53) later showed that AQP1 makes a significant contribution to the NH 3 transport in RBC ghosts. In contrast, other authors, who monitored the decline in bulk pH o for 20 oocytes exposed to 20 mM total NH 3 /NH 4 ϩ (vs. the 0.5 mM in the present work), conclude that rAQP3, hAQP8, and rAQP9 -but not hAQP1-are permeable to NH 3 (24) . In the present work, Fig. 4 shows that (⌬pH S ) NH 3 falls in the sequence AQP8 Х AQP9 Ͼ AQP3 Ͼ AQP1. Thus it is possible that the approach in the earlier study was not sufficiently sensitive to detect the NH 3 permeability of AQP1. Moreover, at the high level of NH 3 /NH 4 ϩ used in the earlier study, oocytes exhibit large NH 3 /NH 4 ϩ -dependent conductances (24) and substantial decreases in pH i , neither of which appear at the [NH 3 /NH 4 ϩ ] o of 0.5 mM (42, 44) used in the present study. Thus it is possible that the data obtained at high [NH 3 /NH 4 ϩ ] o values could reflect oocyte properties and thereby obscure the properties of heterologously expressed AQPs.
The NH 3 permeability of AQP1 probably contributes to the ability of RBCs to ferry NH 3 from various systemic tissues to the liver for detoxification.
AQP2. Regarding the three substances studied in the present work, AQP2 displays permeability only to H 2 O. The main role of AQP2, trafficked to the apical membrane of the renal collecting duct under the influence of arginine vasopressin, is to reabsorb H 2 O (47). The lack of CO 2 and NH 3 permeability presumably reflects slight differences (vs. AQP1) within the aquapore and possibly the central pore.
AQP3. Previous work has shown that this aquaglyceroporin conducts water, glycerol, and urea (28) . Moreover, as noted in the AQP1 section, other authors, working with 20 mM NH 3 / NH 4 ϩ , have reported that AQP3 conducts NH 3 (24) . In the kidney, basolateral AQP3 contributes to water reabsorption along the entire collecting duct (12) and could contribute to urea reabsorption in the inner medullary collecting duct. The NH 3 permeability of AQP3 could contribute to the movement of NH 3 from the interstitium to the tubule lumen for excretion as NH 4 ϩ in the urine-a critical component of acidbased homeostasis. In human RBCs, where AQP3 is present at levels only ϳ1.5% as high as AQP1 (56) is responsible for the GIL blood group, AQP3 along with UT-B provides a mechanism by which RBCs can ferry urea from the liver to the kidneys.
AQP4. The present work confirms earlier work from this laboratory that rAQP4-M23 is permeable to H 2 O and CO 2 but not NH 3 (42) . However, a striking result of the present study is that rAQP4-M1 functions only as a H 2 O channel. Thus the removal of the first 22 amino acids from rAQP4-M1 confers CO 2 permeability, without an effect on the P f value (Fig. 1) . The lack of NH 3 permeability correlates well with the expression of rAQP4-M23 in the astrocytic endfeet at the blood brain barrier (49) and could act as a mechanism to protect the brain from toxic effects of NH 3 .
It has been well documented that AQP4-M23 can form orthogonal arrays of particles (OAPs; refs. 10, 59). Three mechanisms could account for the presence of CO 2 permeability in rAQP4-M23 but not in rAQP4-M1: 1) in OAPs, new CO 2 -permeable pores could form between the sides or corners of tetramers.
2) The absence of the first 22 residues could induce a conformational change in the transmembrane domain of the AQP4 that causes a closed or inactivated pore-presumably not an aquapore-to become CO 2 permeable.
3) The absence of the first 22 residues could eliminate a physical plugging of the CO 2 pore, analogous to the ball-and-chain mechanism for rapidly inactivating certain voltage-sensitive K ϩ channels (26) . AQP5. AQP5 is heavily expressed in alveolar type I pneumocytes (48); the CO 2 permeability of AQP1 could provide a pathway for the movement of CO 2 from the alveolar blood to the alveolar air. Earlier work from our laboratory has already shown that, besides H 2 O, AQP5 conducts CO 2 but not NH 3 (42) . The lone crystal structure of an AQP5 shows a lipid blocking the central pore of human AQP5 (25) . It is not clear whether or not this lipid is a consequence of the expression, purification, and crystallization. An MD study indicates that this lipid would bind with micromolar affinity, occluding the central pore and blocking gas transport. However, the MD analysis suggests that, with dissociation of the lipid, the central pore would conduct O 2 (75) . It is intriguing to speculate that the central pore is at least in part responsible for the CO 2 conductance of AQP5.
AQP6. This channel colocalizes with the H ϩ -ATPase in intracellular vesicles in the renal collecting duct (73) . In the present study, the only AQP that is impermeable to H 2 O is rAQP6. Liu et al. (35) has shown, and we now confirm, that the mutation N60G significantly increases rAQP6-dependent P f . It is intriguing that wild-type rAQP6 has a substantial ⌬pH S * signal for CO 2 and a significant one for NH 3 , even though P f * is not different from zero. One possibility is that CO 2 or NH 3 is able to pass through the aquapore even though H 2 O cannot. Another (not mutually exclusive) possibility is that CO 2 or NH 3 can pass through the central pore of rAQP6. Mapping the amino acid sequence of rAQP6 onto the crystal structures of mammalian AQPs, we surmise that the residues lining the central pore of rAQP6 are (from the extra-to intracellular end) SLILTAG, which is slightly less hydrophobic than the central pores of AQP1 (DVLLLLG), AQP4 (DVLLFLG), and AQP5 (TLLLLLG). Because MD studies suggest that the central pore of AQP1 can conduct CO 2 (70) , it is reasonable to suggest that the central pore of rAQP6 could as well. However, the central pore of rAQP6 evidently cannot conduct H 2 O. The physiological role of AQP6 -in the aftermath of H ϩ secretion into the vesicle lumen and the vesicular reaction H ϩ ϩ HCO 3 Ϫ ¡ CO 2 ϩ H 2 O-could be to serve as a pathway for CO 2 exit from the vesicle. Indeed, low vesicular pH activates AQP6.
It is also intriguing that the N60G mutation imparts H 2 O permeability but has no effect on either the CO 2 or NH 3 permeabilities.
AQP7. As a member of the aquaglyceroporin subfamily, AQP7 can facilitate water, glycerol, urea, ammonia (34) , and arsenite (38) transport. The arsenite presumably moves as neutral polyhydroxylated derivatives, which are analogous to glycerol. Although AQP7 lacks both classical NPA motifs (replaced by NAA and NPS), it is an efficient water channel. The ability of AQP7 to transport glycerol and urea is attributed to the differences in amino acid composition in the ar/R region of the aquapore (34); the same may be true for the NH 3 permeability. In the present study we confirm that AQP7 conducts H 2 O and NH 3 .
The primary site of AQP7 expression is in adipose tissue, where-in the wake of lipolysis-AQP7 mediates the efflux of newly generated glycerol. Knocking out AQP7 leads to obesity (22) and insulin resistance (39, 54) . As to the potential role of the NH 3 permeability of AQP7, it is well known that intense exercise can lead to increases of [NH 3 ] in the arterial plasma that may approach levels toxic to the brain (2) if not opposed. Indeed, Esbjörnsson et al. (17) has shown that adipose tissue removes NH 3 from the circulation, possibly converting it to glutamate. It is reasonable to suggest that AQP7 participates in this NH 3 uptake and thereby provide a mechanism for NH 3 detoxification.
In the apical membrane of the renal proximal straight tubules, AQP7 likely promotes glycerol reabsorption and also may contribute to the uptake of H 2 O (for fluid reabsorption) and the secretion of NH 3 (for H ϩ secretion). AQP8. The one AQP in the present study that does not fall into the category of orthodox AQPs or aquaglyceroporins is AQP8. Our data confirm several studies showing that AQP8 transports water (36) and ammonia (24, 30, 58, 72) . AQP8 is present in the inner mitochondrial membrane (IMM) of hepatocytes (18) and renal proximal tubule cells (62) . AQP8 may mediate the uptake of NH 3 into the hepatocyte mitochondrial matrix for detoxification to yield urea, glutamate, and glutamine. Moreover, after proximal tubules release NH 3 from glutamine and glutamate, AQP8 facilitates NH 3 transport out of the IMM (62) for secretion into the tubule lumen, where the NH 3 is an important buffer for acid excretion, particularly during metabolic acidosis (40) .
AQP9.
The third member that we studied from the aquaglyceroporin family is AQP9. AQP9 is localized at the sinusoidal plasma membrane of hepatocytes (13) , where it serves as a conduit for the uptake of NH 3 for detoxification to urea. AQP9 also mediates the efflux of newly synthesized urea. This protein is perhaps the most promiscuous member of the AQPs because-in addition to transporting water (33) , glycerol (33) , urea (5), ammonia (24) , and arsenic (38)-AQP9 is also permeable to noncharged solutes, such as carbamides, polyols, purines, and pyrimidines (65) . The present work not only confirms that AQP9 conducts NH 3 but also shows that this channel conducts CO 2 , which also a substrate for the formation of urea in the liver. Mice have AQP9 (rather than AQP3) in the RBC membrane (37) , where AQP9 -compared to AQP1 and RhAG-may make minor contributions to CO 2 and NH 3 permeability. In addition, a short isoform of AQP9 is present in the mitochondrial inner membrane (1). Inasmuch as AQP8 does not appear to conduct CO 2 , it may be that AQP9 serves as a pathway for the exit of CO 2 from the mitochondrial matrix. AQP9 could contribute to the NH 3 traffic across the mitochondrial inner membrane, discussed above in the context of AQP8.
Conclusions
The present study reveals striking differences in the relative permeabilities to H 2 O, CO 2 , and NH 3 among the mammalian AQPs that express at the plasma membrane of the Xenopus oocyte. We speculate that when NH 3 transits AQPs, it does so through the aquapores, whereas when CO 2 transits, it does so via some combination of the aquapores and an alternate pathway, such as the central pores.
